Post-translational modification of histones is critical for gene expression, mitosis, cell growth, apoptosis, and cancer development. Thus, finding protein kinases that are responsible for the phosphorylation of histones at critical sites is considered an important step in understanding the process of histone modification. The serine/threonine kinase Cot is a member of the mitogen-activated protein kinase (MAPK) kinase kinase family. We show here that Cot can phosphorylate histone H3 at Ser-10 in vivo and in vitro, and that the phosphorylation of histone H3 at Ser-10 is required for Cot-induced cell transformation. We found that activated Cot is recruited to the c-fos promoter resulting in increased activator protein-1 (AP-1) transactivation. The formation of the Cot-c-fos promoter complex was also apparent when histone H3 was phosphorylated at Ser-10. Furthermore, the use of dominant negative mutants of histone H3 revealed that Cot was required for phosphorylation of histone H3 at Ser-10 to induce neoplastic cell transformation. These results revealed an important function of Cot as a newly discovered histone H3 kinase. Moreover, the transforming ability of Cot results from the coordinated activation of histone H3, which ultimately converges on the regulation of the transcriptional activity of the c-fos promoter, followed by AP-1 transactivation activity. 
Post-translational modification of histones is an important element in the regulation of gene expression, and histone H3 phosphorylation at Ser-10 has traditionally been regarded as a marker for mitosis (1, 2) . Increased phosphorylation of histone H3 at Ser-10 has been observed in mitogen-stimulated and oncogene-transformed mouse fibroblasts (3) . The normal checkpoints regulating mitosis are ignored or overridden by the cancer cell. We previously reported that phosphorylation of histone H3 at Ser-10 is essential for neoplastic cell transformation (4) . Thus, it is important to identify the responsible kinases and the circumstances under which histone H3 at Ser-10 becomes phosphorylated in order to understand tumorigenesis.
The serine/threonine protein kinase Cot was originally identified as a carboxyl-truncated protein encoded by the cot oncogene, which was isolated by cellular transformation assays on transfection of a human thyroid carcinoma cell line DNA into hamster cells (5) . Similarly, the rat cot homologue, designated tpl-2, was identified as a target for provirus insertion in Moloney murine leukemia virus-induced rat T cell lymphomas, which resulted in enhanced expression of a carboxyl-terminally truncated kinase (6, 7) . The cot gene appears to be highly expressed in a number of tissues, including the spleen, thymus, liver, and lung (8) , and is also expressed at lower levels in many other tissues and cell lines (8, 9) . Furthermore, mitogenic stimuli such as concanavalin A (8), inflammatory mediators such as interleukin-1 (IL-1) (10) , and tumor promoters such as okadaic acid (10) were all shown to potently induce the expression of cot transcripts in a variety of cell types. However, the molecular mechanisms responsible for Cot's oncogenic potential are still poorly defined. Cot activates the MAPK and SAPK pathways (11, 12) and induces IL-2 and TNF-␣ expression in T cell lines (13, 14) by activating the transcription factors NFAT and NF-B (15, 16) . The MAPK and SAPK pathways both play an important role in the transduction of signals generated by growth factors produced in mammary epithelial neoplasms (17, 18) . NFAT and NF-B are also key transcription factors for the activation of cytokines and growth factors (19, 20) . Cot has been suggested to regulate neoplastic cell transfor- Cot binds with histone H3. A) Direct interaction of Cot with histone H3 as determined by the M2H assay. For a negative control, pACT or pBIND plasmids were transfected along with the pG5-luc reporter plasmid into NIH3T3 cells (18,000 cells/ml). For a positive control, histone pACT-H3 and pBIND-RSK2 or pBIND-DYRK3 were transfected with the pG5-luc reporter plasmid into NIH3T3 cells. Histone pACT-H3 and/or pBIND-Cot were cotransfected with the pG5-luc plasmid to confirm the interaction of Cot with histone H3. After a 36 h incubation, firefly luciferase activity was determined in the cell lysates and normalized against Renilla luciferase activity. All experiments were performed at least twice with triplicate samples and are depicted as the means Ϯ se. An asterisk (*) indicates a significant increase in activity compared with negative control, pACT-H3 only (PϽ0.05). The data were recorded as a relative fold change in luciferase activity as measured by a Luminoskan Ascent plate reader (Thermo Electron Corp., Helsinki, Finland). B) In vitro binding with an 35 S-labeled Cot protein and a GST-histone H3 fusion protein. The cDNA of Cot or DYRK3 was translated in vitro, mation through transcriptional transactivation. Indeed, Chiariello et al. (21) reported that the transforming ability of Cot results from the expression and activity of the product of the c-jun proto-oncogene. Although some signaling events of Cot have been elucidated, the signaling pathway of Cot related to the post-translational modification of chromatin is unknown.
Members of the AP-1 (activator protein-1) family of transcription factors are frequently regulated at the transcriptional and post-transcriptional levels by MAPKs. AP-1 complexes have been shown to be necessary for cell cycle progression in several cell systems (22, 23) and also for cell transformation induced by a variety of oncogenes, including src, ras, and raf (24, 25) . Members of the AP-1 family of transcription factors are usually classified into two subfamilies, namely, the Jun (c-Jun, JunB, and JunD) (26 -28) and the Fos (c-Fos, FosB, Fra-1, and Fra-2) (29 -32) families. Homodimerization of Jun proteins of the two subfamilies (33) or other transcriptional factors, including the ATF2, CREB, NFAT, or SMAD proteins (34 -36) , confers on the complexes the ability to recognize specific DNA sequences known as tetradecanoyl phorbol acetate-responsive elements or AP-1 sites. In addition, phosphorylation of histone H3 plays a critical role in mitosis, chromatin remodeling, and condensation and occurs concurrently with transcriptional activation of the immediate-early response genes (e.g., c-jun, c-fos, and c-myc) (37) . Most recently our group reported that the epidermal growth factor (EGF) -induced phosphorylation of histone H3 at Ser-10 up-regulates c-fos and c-jun transcriptional activity (4) .
In the present study we showed that Cot could bind with and phosphorylate histone H3 at Ser-10, and thereby was sufficient to induce the transcriptional activity of the c-fos promoter. In turn, histone H3 was required for Cot-induced cell transformation. In this regard, we found that ultraviolet B (UVB) induced Cot was recruited at the c-fos promoter and induced c-fos transcriptional activity, a mechanism that appeared to increase AP-1 transactivation activity and transformation. Thus, these findings indicated that Cot represents a new example of a serine/threonine kinase that induces cell transformation as a result of its interaction with histone H3 and induction of the c-fos promoter.
MATERIALS AND METHODS

Reagents and antibodies
Chemical reagents, including Tris, NaCl, and SDS for molecular biology and buffer preparation, were purchased from Sigma-Aldrich (St. Louis, MO, USA). EGF, PD 98059, SB 202190, and the Cot kinase inhibitor (4-(3-chlor-4-fluorophenylamino)-6-(pyridin-3-yl-methylamino)-3-cyano-1, 7-naphthylridine) were purchased from Calbiochem-Novabiochem (San Diego, CA, USA 
Cell culture conditions and transfection
Human embryonic kidney 293 (HEK293), human cervix adenocarcinoma (HeLa), and mouse embryo fibroblast (NIH3T3) cells were purchased from American Type Culture Collection (ATCC). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) or 10% bovine calf serum (BCS). DNA transfection of cells was performed using Fugene 6 (Roche, Palo Alto, CA, USA). Cot mediates UVB-induced phosphorylation of histone H3 at Ser-10. A) UVB stimulation causes an enhanced association between histone H3 and Cot. HEK293 cells were cotransfected with the pG5-luc plasmid and pACT-H3 and/or pBIND-Cot, then incubated for 2 h in fresh serum-deprived DMEM. The cells were either exposed or not exposed to 4 kJ/m 2 UVB and incubated for an additional 12 h at 37°C, then luciferease activity was measured. B) Time course of UVB-induced Cot phosphorylation of serine residues. After cells were starved in serum-free media, the time course was investigated by exposing HEK293 cells, transiently transfected with myc-Cot, to UVB (4 kJ/m 2 ). After UVB, cells were incubated for the times indicated, then harvested. The phosphorylation of Cot at serine, threonine, or tyrosine residues was detected by immunoblotting with anti-phospho-serine, anti-phospho-threonine, or anti-phospho-tyrosine, respectively. C) Time course of phosphorylation of histone H3 at Ser-10 and phosphorylation of Cot at Ser-400 was investigated by exposing HEK293 cells to UVB (4 kJ/m 2 ). The phosphorylation of histone H3 (Ser-10) or Cot (Ser-400) was detected by immunoblotting with anti-phospho-histone H3 (Ser-10) or anti-phospho-Cot (Ser-400), respectively. D) Time-dependent effect of UVB-induced Cot activation on the phosphorylation of histone H3. Transiently transfected Cot in HEK293 cells is activated in response to UVB (4 kJ/m 2 ) irradiation. After UVB, cells were incubated for the indicated times and kinase activity (KA) was measured with histone H3 as substrate. Phosphorylated histone H3 was visualized by autoradiography. Immunoprecipitated (IP) myc-Cot was determined by immunoblot using anti-myc. E) The binding of Cot and chromatin-immunoprecipitated histone H3 induced by UVB was evaluated. Myc-Cot was transiently transfected into HEK293 cells and activated by UVB (4 kJ/m 2 ). Chromatin immunoprecipitation (ChIP) was performed to precipitate histone H3, then the myc-Cot proteins were detected by immunoblotting with anti-myc. F) The effect of Cot overexpression on the phosphorylation of histone H3 (Ser-10), ERK1/2, p38, JNK, or MSK1 (Ser-360) in cells treated or not treated with
Construction of mammalian expression and small interfering RNA vectors
For the mammalian two-hybrid (M2H) system, the cDNAs of 60 human kinases were amplified by polymerase chain reaction (PCR), and each was introduced into the pBIND twohybrid system vector. The cDNA encoding histone H3.3 (a generous gift from Aichi Cancer Center Research Institute, Nagoya, Japan) was recombined into the BamH I/KpnI site of the pACT vector. The point mutation of histone H3 at Ser-10 (S10A), Ser-28 (S28A), or Ser-10/Ser-28 (S10/28A) was generated by using the Quick Change II site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) and introduced into the pcDNA3.1/V5-His vector (pV5-H3-S10A, -S28A, -S10/28A), respectively. The pRK-myc-Cot plasmid was provided by Warner C. Greene (University of California, San Francisco, CA, USA) and subcloned into BamHI/EcoRI site of pcDNA4-hisMaxA. To construct the siRNA-Cot, pSilencer 3.0-H1 (Ambion, Austin, TX, USA) was digested with XbaI and BbsI. The annealed synthetic primers were then introduced following the recommended protocols (Ambion, Austin, TX, USA): 1) sense siRNAs: GATCCACTGA TCCCAGTAGA TCAAT-TCAAG AGATTGATCT ACTGGGATCA GTTTTTTTGG AAA; 2) antisense siRNAs: AGCTTTTCCA AAAAAACTGA TCCCAGTAGA TCAATCTCTT GAATTGATCT ACTGG-GATCA GTG. The human c-fos promoter was a gift from Akihiko Yoshimura (Kyushu University, Fukuoka, Japan) and the AP-1 luciferase reporter plasmid (-73/ϩ63 collagenaseluciferase) was constructed as reported (38) .
Isolation of histone proteins
To isolate histone proteins, cells (2ϫ10 7 - 5ϫ10 7 ) were homogenized in 1 ml of nuclear preparation buffer (10 mM Tris-HCl pH 7.6, 150 mM NaCl, 1.5 mM MgCl 2 , 0.65% Nonidet P-40, and 1 mM phenylmethylsulfonyl fluoride [PMSF] ) in the presence of protein phosphatase inhibitors (10 mM NaF, 1 mM sodium orthovanadate, and 25 mM ␤-glycerophosphate). Nuclei were recovered by centrifugation at 1500 g for 10 min. All centrifugations were carried out at 4°C. Nuclei were resuspended in 0.3 ml of resuspension buffer (10 mM Tris-HCl pH 7.6, 3 mM MgCl 2 , 10 mM NaCl, 1 mM PMSF, and protein phosphatase inhibitors). Nuclei were extracted with 0.4 N H 2 SO 4 to isolate total histones. The samples were precipitated with trichloroacetic acid (TCA), then resuspended in double distilled H 2 O.
Immunoblotting
The proteins were resolved by sodium dodecyl (lauryl) sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride membranes. The membranes were blocked and hybridized with the appropriate primary antibody overnight at 4°C. Histone H3 and phospho-histone H3 (Ser-10) were detected with the respective specific antibodies. Protein bands were visualized by the chemiluminescence detection kit (ECL, Amersham Biosciences) after hybridization with the horseradish peroxidase-conjugated secondary antibody from rabbit or mouse.
In vitro binding assay and GST protein expression
For expression of the Xpress epitope-tagged Cot, DYRK3, deletion mutant Cot, the appropriate plasmids (pcDNA4/ Xpress-Cot, deletion mutants Cot) were in vitro translated with l-[
35 S]methionine using the T N T Quick coupled transcription/translation system (Promega). For the glutathione-S-transferase (GST) pulldown assay, 5 g GST fusion proteins were collected on glutathione-Sepharose beads (Amersham Biosciences) and incubated for 4 h at 4°C with [
35 S]-labeled Cot. The bound proteins were denatured in sample buffer and separated by 10 -20% SDS-PAGE, and expression was detected by autoradiography (KODAK, New Haven, CT, USA).
Phosphorylation assay for histone H3 in vitro
Phosphorylation of histone H3 by Cot in vitro was carried out as described previously (39) . In brief, the myc-Cot protein was immunoprecipitated from transiently transfected HEK293 cells, combined with 1 g of bacterial expressed histone H3 in 50 l kinase buffer (20 mM Tris pH 7.4, 20 mM ␤-glycerophosphate, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 , 50 mM NaCl, 1 mM dithiothreitol, 50 mM ATP, 1 mM NaF, and 10 Ci [␥-
32 P]) for 1 h at 30°C. The samples were separated by 15% SDS-PAGE and gels were dried. The [␥-
32 P] ATP-labeled histone H3 was visualized by autoradiography or by using a phospho-specific antibody against histone H3 (Ser-10).
Mammalian two-hybrid assay
The DNAs, pACT-histone H3, pBIND-kinases, and pG5-luciferase were combined in the same molar ratio and the UVB (4 kJ/m 2 ). G) Effect of PD 98059 and/or SB 202190 on UVB-induced phosphorylation of histone H3 at Ser-10 in control and Cot overexpressing cells. Mock vector (left panels) and Cot (right panels) transfected HEK293 cells were starved for 24 h by incubating in serum-deprived DMEM at 37°C in a 5% CO 2 atmosphere. After pretreatment with 25 M PD 98059 and/or 1 M SB 202190 for 1 h, cells were exposed to UVB (4 kJ/m 2 ) and incubated for an additional 30 min. Phosphorylation of histone H3 at Ser-10, ERK1/2, or p38 was determined by immunoblotting with anti-phospho-histone H3 (Ser-10), anti-phospho-ERK1/2, or anti-phospho-p38, respectively. Overexpression of Cot was detected with anti-myc and total histone H3 and ␤-actin were used as internal controls to monitor equal protein loading. H) Effect of a Cot inhibitor on UVB-induced phosphorylation of histone H3 at Ser-10. Cells were starved for 24 h by incubation in serum-deprived DMEM at 37°C in a 5% CO 2 atmosphere. After pretreatment with the Cot inhibitor for 2 h, cells were exposed to UVB (4 kJ/m 2 ) and incubated for an additional 30 min. Phosphorylation of histone H3 and Cot was determined by immunoblotting with anti-phospho-histone H3 (Ser-10) and anti-phospho-Cot (Ser-400). Total histone H3 and ␤-actin were used as internal controls to monitor equal protein loading. I) Effect of Cot knockdown on the UVB-induced phosphorylation of endogenous histone H3 (Ser-10). Control siRNA (pBsi-sc) and Cot knockdown (pBsi-Cot) cells were starved for 24 h by incubating in serum-deprived DMEM at 37°C in a 5% CO 2 atmosphere. Cells were then exposed to UVB (4 kJ/m 2 ) and incubated for an additional 30 min. After removal of media and harvesting, phosphorylation of histone H3 at Ser-10 was determined by immunoblotting with anti-phospho-histone H3 (Ser-10). Endogeneous Cot expression was measured by immunoblotting with anti-Cot, and total histone H3 and ␤-actin were used as internal controls to monitor equal protein loading. total amount of DNA was not more than 100 ng/well. The transfection was performed using the Fugene 6 reagent as described by the manufacturer's recommended protocols. The cells were disrupted by the addition of 200 l of cell lysis buffer directly into each well of the 48-well plate, then aliquots of 100 l were added to individual wells of a 96-well luminescence plate. Luminescence activity was measured automatically by computer program (MTX Lab, INC, Vienna, VA, USA). The relative luciferase activity was calculated and normalized based on the pG5-luciferase basal control. To assess transfection efficiency and protein amount, the Renilla luciferase activity assay or Lowry protein assay was used.
Reporter gene assays
The reporter gene assay for firefly luciferase activity was performed using lysates from transfected cells. In addition, the reporter gene vector phRL-SV40 (Promega) was cotransfected into each cell line and the Renilla luciferase activity generated by this vector was used to normalize the results for transfection efficiency. Cell lysates were prepared by first washing the transfected HEK293 cells (grown in 60 mm diameter dishes) once in phosphate-buffered saline (PBS) at 37°C. After removing the PBS completely, 500 l of passive lysis buffer (PLB, Promega Dual Luciferase Reporter Assay System) was added, then cells were incubated for 1 h with gentle shaking. The supernatant fraction was used to measure firefly and Renilla luciferase activities. Cell lysates (20 l each) were mixed with 100 l of luciferase assay II reagent and firefly luciferase light emission was measured by a Luminoskan Ascent plate reader (Thermo Electron Corp., Helsinki, Finland). Subsequently, 100 l of Renilla luciferase substrate (Promega) was added in order to normalize the firefly luciferase data. The results are expressed as relative c-fos or AP-1 activity (fold) and are presented as luciferase activity relative to the c-fos-or AP-1-only transfected control cells.
Immunofluorescence assay
For translocation of endogenous Cot, the cells were fixed in 4% paraformaldehyde and Cot was detected with a monoclonal Cot antibody and a Texas Red-conjugated secondary antibody. Phosphorylation of histone H3 (Ser-10) was detected with monoclonal anti-phospho-histone H3-FITC (Ser-10). Nuclei were stained with 4, 6-diamidino-2-phenylindole. Cells were incubated for 24 h, starved in serum-free media for an additional 24 h, then were or were not irradiated with UVB (4 kJ/m 2 ) and harvested after 30 min additional incubation. Samples were analyzed using a fluorescence microscope system (Leica) and the Image-Pro software program v.4.
Chromatin immunoprecipitation assay
Nuclear factors associated with chromatin in HEK293 cells were cross-linked to DNA by using formaldehyde (1%). Cells were harvested, and cross-linked chromatin was sheared by sonication. DNA fragments were Ͻ 1 kb and averaged 450 bp as verified by agarose gel electrophoresis. Immunoprecipitation was performed with 100 g (DNA content) of chromatin extracts diluted in ChIP dilution buffer (1.1% Triton X-100, 0.01% SDS, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8.1, and 167 mM NaCl). Samples were precleared with Salmon Sperm DNA/Protein A agarose beads (Upstate) for 30 min, then incubated overnight (16 h) with 4 g of anti-histone H3, anti-phospho-histone H3 (Ser-10), or anti-myc, respectively, at 4°C. DNA present in the immunoprecipitated chromatin was isolated after reversed cross-link and proteinase K digestion, then the specific region of the c-fos promoter was confirmed by PCR amplification using the following primer sets: 5Ј-CCCGAC-CTCGGGAACAAGGG-3Ј (-491 forward) and 5Ј-ATGA-GGGGTTTCGGGGATGG-3Ј (-233 reverse).
Anchorage-independent cell transformation assay (soft agar assay)
EGF-induced cell transformation was investigated in mock, psi-H3, or pV5-H3 stably transfected cells. In brief, cells (8ϫ10 3 /ml) were exposed to EGF (0.1-10 ng/ml) in 1 ml of 0.3% basal medium Eagle (BME) agar containing 10% FBS. The cultures were maintained at 37°C in a 5% CO 2 incubator for 10 days, and the cell colonies were scored using a microscope and the Image-Pro PLUS computer software program (Media Cybernetics, Silver Spring, MD, USA).
Focus-forming assay
Transformation of NIH3T3 cells was performed following standard protocols (40) . Cells were plated in 100 mm dishes at a density of 1 ϫ 10 4 cells and, after incubation for 3 wk, were transiently transfected with 0.1 g of the H-Ras G12V , 2.5 g pV5, 2.5 g pRK-myc-Cot, and/or 2.5 g pV5-H3 plasmid. Cells were kept in MEM with 5% BCS and media were changed every 3 days for a period of 3 wk. Foci were enumerated by staining the monolayer with methanol for fixation and 0.4% crystal violet for visualization. Data shown represent data obtained from three independent plates for each transfection.
RESULTS
Cot interacts with and phosphorylates histone H3
Several lines of evidence have recently shown that mitotic phosphorylation of histone H3 at Ser-10 is responsible for chromosome instability, and thus histone H3 was suggested to play a role in carcinogenesis (41) . Therefore, we investigated potential protein binding partners of histone H3 by screening with the M2H system (Promega). Among the 50 protein kinases screened, the Cot oncoprotein was found to interact with histone H3 in vitro. In this system, histone H3 was cloned into the pACT expression vector (pACT-H3) and the Cot kinase was cloned into the pBIND expression vector (pBINDCot) in combination with the pG5 luciferase reporter gene. An interaction between histone H3 and Cot brings together the Gal4 binding domain (from pBIND) and the VP16 transactivation domain (from pACT) of the fusion proteins and activates the luciferase reporter gene in NIH3T3 cells. From results of the M2H assay, we confirmed that histone H3 interacted with Cot (Fig. 1A, lane 9) as well as DYRK3 or RSK2 (Fig. 1A, lanes 10 and 11, respectively) , which served as positive controls. Data indicated that an ϳ10-fold increase in luciferase activity was observed in Cot and histone H3 cotransfected cells compared with cells transfected with only pACT-H3. We next examined the in vitro interaction between Cot and purified GST-histone H3. First, the cDNA coding sequence of Cot was subcloned into the pcDNA4His/Max vector to generate the Xpress epitope-tagged Cot, and the fusion protein was in vitro translated using the T N T Quick coupled transcription/translation system (Promega). Affinity-purified GST-histone H3 immobilized to GST beads was incubated with [
35 S] methionine-labeled Cot. The bound proteins eluted from the beads were separated by SDS-PAGE, then detected by autoradiography. Results (Fig. 1B) showed that Cot efficiently interacted with histone H3 by in vitro GST pulldown assay. To identify the region of Cot that is responsible for its interaction with histone H3, WT full-length Cot (Cot FL) and C-terminal deletion (Cot NT) and N-terminal deletion (Cot CT) mutants (Fig. 1C) were in vitro translated using the T N T Quick coupled transcription/translation system, and the interaction with GST-histone H3 was determined by GST pulldown assay. The results suggested that the N-terminal of Cot was required for the interaction with histone H3 (Fig. 1D) . To further determine whether histone H3 was a substrate of Cot, we next performed an in vitro kinase assay with histone H3 using HEK293 cells overexpressing Cot. In this experiment, wild-type-Cot, N-terminal, and C-terminal deletion mutant cells were subjected to immunoprecipitation using anti-Xpress against an Xpress epitope-tagged Cot. Cot kinase activity with histone H3 as substrate was measured at 30°C for 1 h. Results confirmed that phosphorylation of histone H3 was markedly increased by kinase activity of Cot WT or the C-terminal deletion mutant, but not the N-terminal deletion mutant (Fig. 1E) . We next explored whether Cot phosphorylation of histone H3 occurred at Ser-10 or Ser-28 in vitro. Cot phosphorylated histone H3 only at Ser-10 but not at Ser-28 in vitro (Fig. 1F) . To confirm that Cot specifically phosphorylated histone H3 at Ser-10, but not Ser-28, we replaced Ser-10 of histone H3 with alanine (S10A), Ser-28 with alanine (S28A), or both Ser-10/28 with alanine (Ser-10/28), then subcloned these constructs into the pcDNA3.1/V5-His vector (Fig. 1G, top  panel) . Compared with histone H3 WT, the mutation of histone H3 (Ser-10) suppressed the ability of Cot to phosphorylate histone H3 whereas the mutation of histone H3 (Ser-28) had no effect, confirming that Ser-10 of histone H3 is the specific Cot phosphorylation site (Fig. 1G) .
UVB-induced Cot kinase activity mediates histone H3 phosphorylation at Ser-10
UVB irradiation markedly induces phosphorylation of histone H3 at Ser-10 and Ser-28. Studies have shown that a MEK1 or a p38 chemical inhibitor as well as dominant negative mutant ERK or dominant negative mutant p38 cells (39) could suppress phosphorylation. In the present study, we first used the M2H assay to determine whether UVB stimulation could affect the interaction between Cot and histone H3. NIH3T3 cells were seeded in 48-well plates in 10% FBS/DMEM and cultured until they reached 70% confluence. The cells were transfected with pACT-H3 and pBIND-Cot, then treated or not treated with UVB (4 kJ/m 2 ). The results confirmed that after treatment with UVB, the interaction of histone H3 and Cot was greater compared with unstimulated cells (Fig. 2A) . These results suggested 2 ) was assessed in HEK293 cells. The cells were seeded and cultured for 24 h in 10% FBS/DMEM in a 37°C, 5% CO 2 incubator. The cells were then starved in serum-deprived DMEM for 24 h, exposed or not exposed to UVB (4 kJ/m 2 ), and harvested after incubation for 15, 30, 60, or 90 min. The distribution of endogenous Cot protein in the cytoplasmic or nuclear fractions was assessed by immunoblotting using anti-Cot. For visualizing equal loading of protein and confirming localization, ␣-tubulin (cytosolic marker) or lamin B1 (nuclear marker) was detected with a specific antibody against each. B) Effect of knockdown of the endogenous Cot protein on UVB-induced phosphorylation of histone H3 (Ser-10). The phosphorylation of histone H3 (Ser-10) induced by UVB (4 kJ/m 2 and harvested at 30 min) was visualized by an immunofluorescence assay using anti-phospho-histone H3 (Ser-10)-FITC in control siRNA-and Cot siRNA-transfected HeLa cells as described in Materials and Methods. 
05). D)
Comparison of c-fos promoter activity in control and Cot knockdown HEK293 cells. Control siRNA (pBsi-sc) or Cot-specific siRNA (pBsi-Cot) were cotransfected with a plasmid mixture containing the c-fos luciferase reporter gene and the phRL-SV40 gene. At 24 h post-transfection, cells were starved for 24 h by incubating them in serum-deprived DMEM at 37°C in a 5% CO 2 atmosphere, then exposed or not exposed to UVB (4 kJ/m 2 ) and harvested after incubation for 15, 30, 60, or 120 min. The firefly luciferase activity was determined in cell lysates and normalized against Renilla luciferase activity. An asterisk (*) indicates a significant increase in c-fos luciferase activity in cells treated with UVB compared with control cells (PϽ0.05). E) Comparison of c-fos promoter activity in HEK293 cells expressing WT, S10A, S28A, or S10/28A histone H3 and treated or not treated with UVB (4 kJ/m 2 ). pV5-H3 WT, S10A, S28A, or S10/28A were cotransfected with a plasmid mixture containing the c-fos luciferase reporter gene and the phRL-SV40 gene with or without the Cot gene. At 24 h that the interaction between Cot and histone H3 was enhanced by UVB and that Cot could mediate the UVB-induced phosphorylation of histone H3 at Ser-10 in vivo. To further confirm that UVB-induced Cot regulated the phosphorylation of histone H3 at Ser-10 in vivo, we examined UVB-induced phosphorylation of Cot in HEK293 cells transiently expressing myc-tagged Cot. These results indicated that UVB induced phosphorylation of Cot at serine residues, but not at tyrosine or threonine residues (Fig. 2B) . Furthermore, the UVB-induced phosphorylation of Cot was recognized by anti-phospho-Cot (Ser-400), concomitant with the phosphorylation of histone H3 at Ser-10 (Fig. 2C) . Next we performed an immunoprecipitation kinase assay in vivo with GST-histone H3 using Cot-overexpressing HEK293 cells transfected with myc-Cot. At 24 h after transfection of myc-Cot, cells were starved for an additional 24 h, then treated or not treated with UVB (4 kJ/m 2 ) and harvested at various times after UVB (5, 15, or 30 min). UVB-induced Cot was immunoprecipitated from cell lysates using anti-myc. UVB-induced Cot kinase activity with histone H3 as a substrate was measured at 30°C and results confirmed that Cot mediated the phosphorylation of histone H3 induced by UVB (Fig. 2D) . Hence, we sought to determine whether UVB-induced Cot is recruited with histones. Chromatin immunoprecipitation results indicated that Cot is recruited to the chromatin proteins, especially histone H3, by treatment with UVB (Fig.  2E) . The phosphorylation of histone H3 at Ser-10 was enhanced in Cot-overexpressing HEK293 cells treated or not treated with UVB compared with mock cells with or without UVB (Fig. 2F) . Enhanced phosphorylation of histone H3 under serum-deprived conditions might have been the result of phosphorylation of ERK, but not JNK or p38, induced by Cot. We confirmed that signaling through Cot also appeared to activate the well-established pathway of ERK after stimulation by UVB (Fig. 2F) . Therefore, we determined whether PD 98059, a specific inhibitor of the activation and phosphorylation of ERK by MEK, and/or SB 202190, a specific inhibitor of p38, affected UVB-induced phosphorylation of histone H3 at Ser-10 in Cot overexpressing HEK293 cells. Our results clearly showed that UVB-induced phosphorylation of histone H3 at Ser-10 in control cells was blocked by these inhibitors, the 25 M PD 98059 together with 1 M SB 20290 (Fig. 2G, left, top  panel) . UVB-induced phosphorylation of histone H3 at Ser-10 was not significantly affected by PD98059 in this cell line, because UVB most likely induced the signaling pathway of JNK or p38 rather than ERK. Surprisingly, these inhibitors had no effect on histone H3 phosphorylation at Ser-10 in Cot overexpressing HEK293 cells (Fig. 2G, right, top panel) . However, the inhibitors effectively suppressed ERK and p38 phosphorylation in Cot overexpressing HEK293 cells (Fig. 2G, right, 3rd and 4th panels) , indicating that Cot-mediated phosphorylation of histone H3 at Ser-10 occurred independent of the ERKs and p38 MAP kinase pathways. 4-(3-Chlor-4-fluorophenylamino)-6-(pyridin-3-yl-methylamino)-3-cyano-(1, 7)-naphthylridine is a very strong inhibitor of Cot and may be a compound with significant therapeutic potential for treating rheumatoid arthritis and other inflammatory diseases (42) . This ATP competitive inhibitor of Cot almost completely blocked the UVB-induced phosphorylation of histone H3 at Ser-10 and directly inhibited phosphorylation of Cot at Ser-400 (Fig. 2H) . We also used the siRNA method to knock down the endogenous Cot expression level (Fig. 2I) , then determined the effects on UVB-induced phosphorylation of histone H3 at Ser-10. The pBsi-Cot construct for targeting the specific sequence of Cot was transiently transfected into HEK293 cells. At 48 h after transfection, total protein was isolated from pBsi-sc (control) or pBsi-Cot transfected cells, and the levels of Cot protein were compared with control cells. The expression of pBsi-Cot specifically knocked down the Cot protein level (Fig. 2I,  3rd panel) . Further results indicated that UVB-induced phosphorylation of histone H3 at Ser-10 was almost blocked in the pBsi-Cot transfected cells, but not in pBsi-sc transfected cells (Fig. 2I, 1st panel) . Taken together, our results strongly indicated that UVB-induced Cot plays an important role in mediating phosphorylation of histone H3 at Ser-10 in vivo.
Nuclear localization of Cot induced by UVB
For Cot to phosphorylate the chromatin protein histone H3, translocation of Cot to the nucleus must post-transfection, cells were starved for an additional 24 h by incubating them in serum-deprived MEM at 37°C in a 5% CO 2 atmosphere, then exposed or not exposed to UVB (4 kJ/m 2 ) and harvested after incubation for 60 min. Firefly luciferase activity was determined in cell lysates and normalized against Renilla luciferase activity. The asterisk (*) indicates a significant increase in UVB-induced c-fos luciferase activity in cells transfected with Cot and histone H3 WT compared to cells transfected with only Cot or histone H3 WT. A, C-E) All data are presented as means Ϯ sd of 2 independent experiments with triplicate assays. F) Analysis of histone H3 phosphorylation (Ser-10) in chromatin at the c-fos promoter. HEK293 cells were transfected with myc-Cot. At 24 h after transfection, cells were starved in serum-free DMEM, then treated or not treated (control) with UVB (4 kJ/m 2 ) and harvested at 5, 15, or 30 min later. ChIP assays were performed using either normal mouse IgG, anti-myc, or anti-phospho-histone H3 (Ser-10). PCR amplification of the c-fos promoter was performed using template DNA isolated from chromatin immunoprecipitated by normal mouse IgG, anti-myc or anti-phospho-histone H3 (Ser-10). Final PCR products of the c-fos promoter were obtained after completion of 35 cycles using either input DNA or ChIP DNA as templates. Bottom histogram represents the relative c-fos levels normalized to 2% input. -sc) or Cot-specific siRNA (pBsi-Cot) was cotransfected with a plasmid mixture containing the AP-1-luciferase reporter gene and the phRL-SV40 gene. At 24 h post-transfection, cells were starved for an additional 24 h by incubating them in serum-deprived DMEM at 37°C in a 5% CO 2 atmosphere, then exposed or not exposed to UVB (4 kJ/m 2 ) and harvested after additional incubation for 15, 30, 60, or 120 min. The asterisk (*) indicates a significant increase in AP-1 luciferase activity in cells treated with UVB compared with untreated control cells (PϽ0.05). (C) Comparison of WT and S10A, S28A, and S10/28A mutants of histone H3 on AP-1 activity in HEK293 cells treated or not treated with UVB (4 kJ/m 2 ). pV5-H3 WT, S10A, S28A, and S10/28A were cotransfected with a plasmid mixture containing the AP-1 luciferase reporter gene and the phRL-SV40 gene with or without the Cot gene. At 24 h post-transfection, cells were starved for an additional 24 h by incubating them in serum-deprived MEM at 37°C in a 5% CO 2 atmosphere, then exposed or not exposed to UVB (4 kJ/m 2 ) and harvested after incubation for 60 min. The asterisk (*) indicates a significant increase in UVB-induced AP-1 luciferase activity in cells transfected with Cot and histone H3 WT compared with cells transfected with only Cot or histone H3 WT. A-C) All data are presented as means Ϯ sd of 2 independent experiments with triplicate assays. D, E) A Cot inhibitor suppresses EGF-induced cell transformation. JB6 Cl41 cells (8ϫ10 occur. To address whether Cot translocation into the nucleus occurs and is affected by UVB, we investigated the cellular localization of endogenous Cot and phosphorylation of histone H3 at Ser-10 induced or not induced with UVB irradiation. Cot was located in the cytoplasm of nonirradiated HEK293 cells, but at 15-30 min after UVB exposure, the Cot protein was translocated into the nucleus (Fig. 3A) . In the immunofluorescence assay, we also found that phosphorylation of histone H3 was increased in response to UVB irradiation (Fig. 3B, 3rd Cot is recruited to histone H3, which is associated with the c-fos promoter Indeed, only a limited number of genes are activated by mitogen stimulation in mammalian cells. The phosphorylated histone H3 has been used in chromatin immunoprecipitation (ChIP) assays to show that phosphorylated (Ser-10) histone H3 is associated with c-fos and c-myc genes following EGF treatment (3). The c-Fos proteins are nuclear protooncoproteins whose expression is stimulated by a variety of growth-promoting agents and activated oncogenes (43) . We next wanted to investigate whether Cot might activate the c-fos promoter to induce cell transformation. The activity of the c-fos promoter is tightly regulated on key regulatory elements, including the four elements of the E-box or the SIE or SRE region. The transcriptional activity of c-fos was significantly increased by the transient expression of Cot in HEK293 cells (Fig. 4A) . To further confirm that c-fos transcriptional activation was cooperatively induced by Cot and histone H3, a reporter gene assay using various WT and mutant c-fos promoter luciferase constructs (Fig. 4B ) was performed. Using mutated or truncated forms of the c-fos promoter, we found that the SRE/E-box region is critical for activation by Cot (Fig. 4C) . We next assessed UVB-induced transcriptional activation of c-fos in control siRNA or Cot siRNA-transfected HEK293 cells. Transcriptional activation of c-fos in HEK293 cells was increased 30 -60 min after irradiation with UVB (4 kJ/m 2 ), but the knockdown of Cot expression significantly suppressed UVB-induced c-fos activation compared with control siRNA cells (Fig. 4D) .
To further investigate the effect of Cot-induced histone H3 phosphorylation on c-fos activation, we transfected HEK293 cells harboring WT Cot with WT or mutants (S10A, S28A, S10/28A) of histone H3. Serum-starved HEK293 cells were irradiated with UVB (4 kJ/m 2 ) and harvested after 60 min. Results indicated that the transcriptional activation of c-fos in cells transfected with Cot and WT histone H3 was dramatically induced compared with activation in cells transfected with only Cot or histone H3 (Fig.  4E) or the histone H3 mutants (S10A, S28A, S10/ 28A). Unexpectedly, the Cot-induced transcriptional activation of c-fos was also inhibited in the histone H3 mutant (S28A) cells, suggesting that Cot enhanced the ERK signaling pathway, then had an indirect effect on the phosphorylation of histone H3 at Ser-28. Next, to examine whether myc-Cot and phosphorylated H3 (Ser-10) are associated with the c-fos promoter, we used anti-myc and anti-phospho-histone H3 (Ser-10) in ChIP assays. UVB-stimulated cells were cross-linked with formaldehyde and sonicated chromatin from these cells was immunoprecipitated with antimyc and anti-phospho-histone H3 (Ser-10). The amount of c-fos promoter DNA present in exogenous or immunoprecipitated chromatin fractions was then determined by PCR. The control for DNA input was included in each PCR reaction. Immunoprecipitation with anti-myc or anti-phospho-histone H3 (Ser-10) of equivalent amounts of chromatin from UVB-stimulated cells showed a dramatic increase in the association of myc-Cot or phosphorylated histone H3 (Ser-10) with the c-fos promoter after UVB stimulation (Fig. 4F) . Thus, these data indicated that UVB-induced Cot is recruited to the c-fos transcription complex to mediate c-fos gene expression concomitant with the phosphorylation of histone H3 (Ser-10). These results also illustrated that Cot is essential for UVB-induced c-fos transcriptional activation, and the targeted area in the c-fos promoter is the SRE region. Furthermore, these observations suggested that phosphorylation of histone H3 plays an important role in Cot-induced transcriptional activity of c-fos.
A dominant negative mutant form of histone H3 inhibits Cot-induced transformation of NIH3T3 cells
Cellular transformation is the best-characterized biological effect resulting from Cot overexpression in 1 ml of 0.3 basal medium Eagle agar containing 10% FBS. The cultures were maintained at 37°C in a 5% CO 2 atmosphere for 10 days. The average colony number was calculated and photographed from 3 separate experiments. Significant differences were evaluated using the Student's t test. The asterisk (*PϽ0.005) indicates a significant decrease in EGF-induced cell transformation in Cot inhibitor-treated cells compared with control cells. F) In the focus-forming assay, the foci were markedly increased in cells transfected with Cot and histone H3 WT, but not with Cot or any of the histone H3 mutants (S10A, S28A, S10/28A). NIH3T3 cells were transfected with the myc-Cot (0.2 g) plasmid with or without histone H3 WT or mutant histone H3 S10A, H3 S28A, or H3 S10/28A (0.2 g), respectively. Cells were cultured for 3 wk in 5% calf serum, fixed, then stained as described in Materials and Methods. Representative plates from three experiments are shown. and/or carboxyl-terminal truncation (6, 8, 10, 44, 45) . The AP-1 transcription factor is a dimeric complex that comprises members of the Jun, Fos activating transcription factor and musculoaponeurotic fibrosarcoma protein families (46) . The regulation of cell proliferation by AP-1 might be of crucial importance for the multistage development of tumors (47) . We thus investigated whether the AP-1 transcription factor might participate in Cot-induced cell transformation. When Cot was transiently overexpressed in HEK293 cells, AP-1 luciferase activity was increased in a dose-dependent manner, similar to that observed for c-fos activity (Fig. 5A) . We next assessed UVBinduced transactivation activity of AP-1 in control siRNA or Cot siRNA-transfected HEK293 cells. Transactivation activity of AP-1 in control cells was significantly increased 30 -60 min after irradiation with UVB (4 kJ/m 2 ), but was suppressed in Cot siRNAtransfected cells (Fig. 5B) . To investigate the effect of Cot-induced histone H3 phosphorylation on the transactivation activity of AP-1, we transfected Cot with the WT or various mutants (S10A, S28A, S10/ 28A) of histone H3 into HEK293 cells. After irradiation of serum-starved HEK293 cells with UVB (4 kJ/m 2 ), the transactivation activity of AP-1 in cells transfected with Cot and WT histone H3 was dramatically increased compared with cells transfected with only Cot or histone H3 (Fig. 5C ). In contrast, mutants of histone H3, especially H3S10A, suppressed Cot-induced AP-1 transactivation (Fig. 5C ). To investigate whether Cot-induced AP-1 transactivation results in increased neoplastic cell transformation, we confirmed the effect of a Cot inhibitor on the epidermal growth factor (EGF) -induced cell transformation. EGF is a well-known tumor promotion agent used to study malignant cell transformation in cell and animal models of cancer (48) . EGF also induces activation of AP-1 (38) and phosphorylation of histone H3 at Ser-10, which is mediated by RSK2 (49) . The Cot kinase inhibitor almost completely blocked the EGF-induced cell transformation (Fig.  5D, E) . We next decided to assess the effect of WT or mutant histone H3 on Cot-induced cell transformation. Indeed, whereas transfection of the cot protooncogene with WT histone H3 into NIH3T3 cells readily induced the appearance of foci after 3 wk of culture, cotransfection with mutants of histone H3 (S10A, S28A, or S10/28A) caused a marked inhibition of Cot transforming potential (Fig. 5F ). Taken together, these results suggested that phosphorylation of histone H3 is necessary for the transforming ability of Cot.
DISCUSSION
Cell transformation occurs because of the loss of negative growth regulators or genes responsible for the maintenance of genome integrity, or it may occur because of the amplification, overexpression, or mutational activation of an oncogene (50, 51) . The cot proto-oncogene encodes a serine/threonine protein kinase that is activated by provirus insertion in Moloney leukemia virus (MoMuLV) -induced T cell lymphomas and MMTV-induced mammary carcinomas (8, 45) . Earlier studies have shown that overexpression of Cot activates the ERKs, JNKs, and p38 MAPK pathways and NFAT and NF-B transcription factors, induces IL-2 expression in Jurkat cells, promotes cell cycle progression, and is highly oncogenic in mice (6, 11, 12, 15) . Although the chromatin remodeling events take place during the induction of oncogenic signal transduction of Cot proteins, little is known about chromatin modification of Cot as a biological mechanism of Cotinduced cell transformation. In this study we have shown that Cot is a newly discovered histone H3 kinase that phosphorylates histone H3 at Ser-10 induced by UVB.
The best-characterized link between signal transduction and histone modification has been observed in mammalian cells exposed to mitogens or various stresses. Many cellular processes fall under the tight regulation of the Ras/MAPK pathway, and its persistent activation has been reported to result in the chromatin remodeling and altered gene expression observed in cancer (52, 53) . Growth factors such as EGF, phorbol esters including 12-O-tetradecanoylphorbol-13-acetate (TPA), or UVB activate the Ras/MAPK pathway, which results in the phosphorylation of downstream targets, including various transcription factors and nucleosomal proteins. One downstream event is the phosphorylation of the basic NH 2 -terminal tail of histone H3 at Ser-10 and Ser-28 (54) . Post-translational modification of histone H3 has been shown to play significant roles in chromosome condensation during mitosis in many organisms, and the phosphorylation of histone H3 has been directly associated with immediate-early gene induction in mouse fibroblasts (3, 55, 56) . We recently reported a direct link between the phosphorylation of histone H3 at Ser-10 and neoplastic cell transformation mediated through the activation of AP-1 factors, including the transcriptional activation of c-jun and c-fos (4) . UVB stimulation of Cot-and histone H3-overexpressing HEK293 cells resulted in an increased activation of AP-1 due to a stimulation of c-fos transcriptional activation compared with control cells. These results also showed that the oncogene cot could increase foci formation cooperatively with WT histone H3, but not with mutant histone H3 (S10A, S28A, and S10/28A), suggesting that Cot-induced cell transformation resulted from the phosphorylation of histone H3.
An interesting idea is whether suppressing Cot activity might prove to be a valid strategy for the treatment of diseases in which it is found to be aberrantly active. Whether inhibition of Cot activity could enhance the effectiveness of current cancer therapies should also be considered. In a recent publication, PHA-680632, a novel aurora kinase inhibitor, was shown to have potent anticancer activity, resulting in inhibition of the phosphorylation of histone H3 at Ser-10 (57). Aurora kinases have been implicated in cancer and tumorigenesis (58) . Our results suggest that Cot inactivation resulting in the inhibition of histone H3 activity and c-fos promoter activity might also be a valid strategy for cancer therapy.
